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Abstract
Micromagnetic simulations have been performed to investigate the suppression of the skyrmion Hall effect in nanotracks with their
magnetic properties strategically modified. In particular, we study two categories of magnetically modified nanotracks. One of
them, repulsive edges have been inserted in the nanotrack and, in the other, an attractive strip has been placed exactly on the longest
axis of the nanotrack. Attractive and repulsive interactions can be generated from the engineering of magnetic properties. For
instance, it is known that the skyrmion can be attracted to a region where the exchange stiffness constant is decreased. On the
other hand, the skyrmion can be repelled from a region characterized by a local increase in the exchange stiffness constant. In
order to provide a background for experimental studies, we vary not only the magnetic material parameters (exchange stiffness,
perpendicular magnetocrystalline anisotropy and the Dzyaloshinskii-Moriya constant) but also the width of the region magnetically
modified, containing either a local reduction or a local increase for each one of these magnetic properties. In the numerical
simulations, the skyrmion motion was induced by a spin-polarized current and the found results indicate that it is possible to
transport skyrmions around the longest axis of the nanotrack. In practice, the skyrmion Hall effect can be completely suppressed
in magnetic nanotracks with strategically modified magnetic properties. Furthermore, we discuss in detail 6 ways to suppress the
skyrmion Hall effect by the usage of nanotracks with repulsive edges and nanotracks with an attractive strip.
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1. Introduction
Magnetic skyrmions are nanoscaled topological spin tex-
tures, which behave as quasiparticles and have high poten-
tial of being information carriers in novel spintronic technolo-
gies [1, 2, 3]. In the beginning, skyrmions have been exper-
imentally observed only at low temperatures and under the
influence of large external magnetic fields [4, 5, 6, 7, 8, 9].
Nowadays, these quasiparticles have been stabilized at room
temperature in magnetic multilayer systems with interfacial
Dzyaloshinskii-Moriya couplings and high perpendicular mag-
netic anisotropy [10, 11, 12, 13, 14, 15, 16]. The stability, nu-
cleation and annihilation of skyrmions have been extensively
investigated [10, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28].
Understanding and controlling of skyrmion motion in mag-
netic nanowires is extremely important for the development and
realization of spintronic devices [29, 30, 31]. Due to the pe-
culiar characteristics of skyrmions, such as nanoscaled sizes,
topological protection and efficient electric manipulation, there
is a lot of interest in replacing domain walls with skyrmions in
the famous racetrack memory [32] and others spintronic tech-
nologies [3]. The skyrmion transport in nanotracks [33] can
be driven by the spin-transfer torque (STT) or the spin-Hall ef-
fect (SHE). As highlighted in Ref. [34], the skyrmion Hall ef-
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fect [2] has been experimentally observed by two groups simul-
taneously [35, 36]. Due to their topological charge, ferromag-
netic skyrmions can not be driven by spin-polarized currents
without being moved away from the longitudinal axis of the
nanotrack. From the technological point of view, the skyrmion
Hall effect is an issue to the development of skyrmion-based
racetrack memories [17]. Several strategies have been proposed
to suppress this undesirable phenomenon. For instance, the spa-
tial variations in the nanotrack thickness, by inserting thicker
edges than the central region [37] or a groove (thinner central
region) along the longest axis of the nanotrack [38]. However,
the incorporation of these non-magnetic defects patterned as
part of the nanotrack are accompanied by the spatial variation
of the magnetic material parameters, for example, perpendic-
ular magnetic anisotropy (PMA) and strength Dzyaloshinskii-
Moriya interaction (DMI). Instead of modifying the nanotrack
thickness, the reference [39] proposes the incorporation of a
material with high perpendicular magnetocrystalline anisotropy
at the two symmetrical edges of the nanotrack. An alternative
method would be to use ion irradiation to modify the magnetic
properties in a selected area of the nanotrack [40, 41]. Besides
providing more parameters to control the strength of the pin-
ning (potential wells) or blocking (potential barriers) regions,
magnetic defects consisting in spatial variations on the material
parameters are more interesting because they do not distort the
nanotrack geometry. Fook et al. [38] observed the confinement
of skyrmions along of a strip with reduced anisotropy located
Preprint submitted to Journal of Magnetism and Magnetic Materials February 18, 2020
ar
X
iv
:1
91
2.
03
40
3v
2 
 [p
hy
sic
s.c
om
p-
ph
]  
14
 Fe
b 2
02
0
on the axis of the nanotrack. The authors suggested the irradia-
tion of He+ ion in a Co/Pt multilayer to reduce the perpendicu-
lar anisotropy of the irradiated area, a practice which is known
since 1998 [40]. Effects of spatially engineered Dzyaloshinskii-
Moriya interaction have already been investigated in the litera-
ture [42, 43], and it was reported that skyrmions can be confined
within a region with higher DM interaction.
Although the issue of the skyrmion Hall effect is automati-
cally suppressed in an antiferromagnetic medium [44, 45, 46]
(as a consequence of the net topological charge to be iden-
tically zero), in this work we investigate the suppression of
the skyrmion Hall effect in ferromagnetic nanotracks with their
magnetic properties strategically modified along the stripes par-
allel to the longest axis of the nanotrack. Our setup is shown
in Fig. (1). It is worth mentioning that the present work ex-
plores the results of a previous work [47], where our team has
reported that spatial variations on the material parameters of
the ferromagnetic medium (exchange stiffness, saturation mag-
netization, magnetocrystalline anisotropy and Dzyaloshinskii-
Moriya constants) can work as traps for pinning and scattering
magnetic skyrmions.
  
(b)
(c)
W
W
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Figure 1: (Color online). Schematic views of a rectangular nanomagnet, host-
ing a single magnetic skyrmion. Fig (a) highlights that the majority of the
nanowire’s magnetic moments is going out of the plane of the figure except at
the core of the skyrmion (red region), where they are pointing in the opposite
direction. For simplicity, the arrows representing magnetic moments are not
displayed in figures (b) and (c), which show two categories of nanotracks mod-
ified magnetically. The blue and pink regions consist in spatial variations of the
material parameters, which have been intentionally modified in order to confine
the skyrmion along the center region of the nanotrack. Attractive and repulsive
effects can be achieved when tuning either a local increase (X′′ > X) or a local
reduction (X′′ < X), where X is a target magnetic property: exchange stiff-
ness A, perpendicular magnetocrystalline anisotropy K or the Dzyaloshinskii-
Moriya constant D. Fig (b) shows a nanotrack with repulsive edges (A′′ > A or
D′′ < D or K′′ > K), whereas in the Fig (c) shows a nanotrack with an attrac-
tive strip (A′′ < A or D′′ > D or K′′ < K). The width W of the region modified
magnetically is a crucial parameter to suppress the skyrmion Hall effect.
2. Model and Methodology
In order to describe the ferromagnetic nanotrack, we have
considered exchange and Dzyaloshinskii-Moriya interactions,
perpendicular magnetic anisotropy, and shape anisotropy, in-
cluded in the following Hamiltonian:
H = −
∑
<i, j>
Ji j
[
mˆi · mˆ j
]
+
−
∑
<i, j>
Di j
[
dˆi j · (mˆi × mˆ j)
]
+
−
∑
i
Ki [ mˆi · nˆ ]2 + Hdip (1)
where mˆk ≡ (mxk ,myk,mzk) is a dimensionless vector, correspond-
ing to the magnetic moment located at the site k of the lattice.
Due to the short range of the exchange interaction, the summa-
tion is over the nearest magnetic moment pairs < i, j >. The
second term in Eq. (1) represents the Dzyaloshinskii-Moriya
interactions, where the versor dˆi j depends on the type of mag-
netic system considered. For a magnetic multilayer system pre-
senting the interfacial DMI, the versor dˆi j = uˆi j × zˆ, where zˆ
is a versor perpendicular to the multilayer surface and uˆi j is
unit vector joining the sites i and j in the same layer [20, 48].
These magnetic systems favor the nucleation of Ne´el skyrmions
(hedgehog-type configuration). The third term in Eq. (1) de-
scribes the uniaxial magnetocrystalline anisotropy, since Ki > 0
and nˆ = zˆ. The strength of the magnetic interactions, Ji j, Di j, Ki
have the same dimension (energy unity) and they assume dif-
ferent values depending on the spatial variation of the mate-
rial parameters: exchange stiffness constant A, Dzyaloshinskii-
Moriya constant D, magnetocrystalline anisotropy constant K
and saturation magnetization constant MS. In our simulations
we use the micromagnetic approach, in which the work cell
has an effective magnetic moment ~mk = (MS Vcell) mˆk. For the
case in which the magnetic system is discretized into cubic cells
Vcell = a3, the possible values for the strength of the magnetic
interactions are given by:
Ji j = 2 a

A
A′
A′′
(2)
Di j = a2

D
D′
D′′
(3)
Ki = a3
{
K
K′′ (4)
where A,D,K are parameters of the host material, and
A′′,D′′,K′′ are the parameters of the guest material. A′,D′
are parameters which describe interactions at the interface be-
tween two ferromagnetic materials. The geometric mean was
adopted for the interface parameters: A′ =
√
A · A′′ and
D′ =
√
D · D′′ in order to allow the magnetic parameters to
vary gradually from a magnetic medium to the other.
2
The magnetization dynamics is governed by the Landau-
Lifshitz-Gilbert (LLG) equation [49, 50], which includes the
Zhang-Li spin transfer torque [51]:
∂mˆi
∂t′
= − 1
(1 + α2)
{
mˆi × ~bi + α mˆi ×
(
mˆi × ~bi
)
+
+
1
(1 + β2)
( u
a ω0
)[
(β − α) mˆi × ∂mˆi
∂x′
+
+ (1 + αβ) mˆi ×
(
mˆi × ∂mˆi
∂x′
) ]}
(5)
where ~bi = −
(
1
2 a A
)
∂H
∂mˆi
is the dimensionless effective field at
the lattice site i. The connection between the space-time co-
ordinates and their dimensionless corresponding is given by:
∆x′ = ∆x/a and ∆t′ = ω0 ∆t, where ω0 = ( λa )
2µ0γMs is a
scale factor with inverse time dimension, being γ the electron
gyromagnetic ratio and λ =
√
2A
µ0 M2S
the exchange length. The
product (a ω0) has the dimension of distance divided by time
(unit of velocity) as well as the term u = je
(
µBP
eMs
)
, where µB is
the Bohr magneton, je is a component of the electric current
density vector. In our simulations we apply electrical current
density ~je = −| je| xˆ (conventional current) in order to move the
skyrmion from the left to the right, see Figs. 1 (b) and 1(c)
that show our initial conditions. The LLG explicit equation, see
equation (5), was integrated by using a fourth-order predictor-
corrector scheme with time step ∆t′ = 0.01. Before the spin-
polarized current to be applied, we performed relaxation mi-
cromagnetic simulations in order to obtain a single skyrmion
at the position (XS, YS) = (− 400, 0) nm. More specifically,
we have used as initial condition of the LLG equation without
external agent (magnetic field or spin-polarized current) an ap-
proximated magnetization configuration. By solving the LLG
equation, we can lead the magnetic system to the minimum en-
ergy configuration. This makes possible the adjustment of the
skyrmion diameter. The equilibrium configurations obtained in
this way have been used as initial configuration in other simu-
lations, in which a spin-polarized current was applied in order
to move the skyrmion for the region of the magnetic defect.
In the analytical solution, a single skyrmion with radius RS is
placed exactly into the intended location (XS,YS). When using
two scalar fields in a cylindrical coordinate system, the initial
configuration representing the skyrmion can be written as
mˆi = (cos Θi cos Φi , cos Θi sin Φi , PS sin Θi) (6)
where the scalar fields are given by [52, 53]
Θi =
pi
2
1 −
(
Ri
RS
) 2
1−s
1 +
(
Ri
RS
) 2
1−s
 (7)
Φi = q φi + ϕ (8)
where Ri =
√
(xi − XS)2 + (yi − YS)2 and φi = arctan (yi/xi) are
cylindrical coordinates of the position vector ~ri = (xi, yi, zi) =
(Ri cos φi, Ri sin φi, zi). At the core of the magnetic skyrmion,
the out-of-plane magnetization can point either up (PS = +1) or
down (PS = −1). This structural property can be referred to as
the polarity of the skyrmion, being that away from the skyrmion
core the out-of-plane magnetization points in the opposite di-
rection of PS. The s-parameter is in the interval 0 ≤ s < 1. The
phase constant ϕ = n
pi
2
is related to the type and the chirality
of the skyrmion CS, specifically:
n =

1, Bloch skyrmion with CS = +1 (anticlockwise rotation)
2, Ne´el skyrmion with CS = −1 (inward radial flow)
3, Bloch skyrmion with CS = −1 (clockwise rotation)
4, Ne´el skyrmion with CS = +1 (outward radial flow)
(9)
The topological vorticity q of the quasiparticle is a quan-
tized quantity. For particles (vortices and skyrmions) q =
+1,+2,+3, . . . , whereas for anti-particles (anti-vortices and
anti-skyrmions) q = −1,−2,−3, . . . It is important do not con-
fuse topological vorticity [54, 55]
q =
1
2pi
∮
C
~∇φ · d~l (10)
with topological charge [2, 35]
Q =
1
4pi
∫∫
S
mˆ ·
(
∂mˆ
∂x
× ∂mˆ
∂y
)
dx dy (11)
which is also referred to as the skyrmion topological number
Nsk. In the literature, this confusion occurs because we have
Q = q = 1 for skyrmions. For vortices Q = Nsk = ±1/2,
whereas Q = Nsk = ±1 for skyrmions. The Ne´el skyrmion with
outward radial flow and polarity downward has been used in
our simulations, see Fig. 1 (a). Such skyrmion is characterized
by a negative topological charge and we obtain numerically the
value Q = −0.9303 ≈ −1, which is agreement with the theo-
retical value. When applying a spin-polarized current (Zhang-
Li spin-transfer torques), any skyrmion profile will be shifted
in the direction of the electron flow. However, the transversal
component of the motion depends on the sign of the topolog-
ical charge and on the ratio (β/α). The influence of the ratio
(β/α) on the skyrmion Hall angle has already been investigated
in Refs. [17, 21]. For β > α and the current flowing from the left
to the right, a skyrmion with negative topological charge moves
upward (YS > 0) in our setup, see Fig. (1). The schematic of
the skyrmion Hall effect can be understood using a Thiele ap-
proach [56] and it is very-well discussed in Ref. [35].
For the geometric parameters of the nanotracks, we have con-
sidered the length Lx = 1000 nm, the width Ly = 100 nm and
the thickness Lz = 2 nm, differing one to another only in the
parameters of the magnetic strips. In the simulations we used
the typical parameters for Co/Pt multilayers. In the Table (1)
we present the material parameters used in micromagnetic sim-
ulations. At the end of the relaxation simulations, we have es-
timated the value of the skyrmion radius as RS ≈ 8.3 nm. Al-
though we have not taken into account the full dipolar coupling,
that is, Hdip = 0 in the equation (1), we took into account the
3
shape anisotropy of a planar nanomagnet by considering an ef-
fective uniaxial anisotropy [20]
K = Ku − µ0 M
2
S
2
(12)
Thus, the shape anisotropy that originates in the dipolar cou-
pling was included in our simulations by considering an easy-
plane anisotropy, that is,
H anisshape =
(
µ0 M2S
2
)
a3
∑
i
[ mˆi · nˆ ]2 (13)
where nˆ = zˆ gives the direction of the magnetization hard
axis. For Co/Pt ultrathin films, we compute K = 5.9 × 105
J/m3. Unless otherwise stated, this value for the effective uni-
axial anisotropy constant was used in most of our simulations.
The supplementary material describes carefully the Method-
ology used in this study, besides providing additional simula-
tions that include or not the effect of the full dipolar coupling.
There, we show that the effect of the full dipolar coupling is
negligible for the simulated nanotrack. In other words, the re-
sults of the micromagnetic simulations remain qualitatively the
same, provided the shape anisotropy be incorporated in the ef-
fective anisotropy and the skyrmion trajectory be distant from
the boundary of the sample.
Spatial variations on the magnetic parameters were consid-
ered individually. Thus, we have studied three possible sources
of magnetic defects: Type A, Type D and Type K. Type A mag-
netic defects are those characterized only by spatial variations
in the exchange stiffness constant (other parameters of the mag-
netic material were unchanged in the region of the defect), Type
D magnetic defects are those characterized only by spatial vari-
ations in the Dzyaloshinskii-Moriya constant, and Type K mag-
netic defects are those characterized only by spatial variations
in the perpendicular magnetocrystalline anisotropy. We have
considered magnetic defects in the shape of strips with differ-
ent widths, where W ranging from 12 to 44 nm. Guest material
parameters, A′′, D′′ and K′′ were regarded as tuning parameters
to obtain traps for the skyrmion, which contains either a local
reduction or a local increase of a given magnetic property.
In order to map the skyrmion position during the magnetiza-
tion dynamics, we have used a Bioinspired Algorithm known
Table 1: Material parameters used in the micromagnetic simulations for Co/Pt
nanotracks, see Refs. [17, 39].
exchange stiffness A = 1.5 × 10−11 J/m
Dzyaloshinskii-Moriya constant D = 3.0 × 10−3 J/m2
perpendicular anisotropy Ku = 8.0 × 105 J/m3
saturation magnetization MS = 5.8 × 105 A/m
work cell volume Vcel = a3 = (2 × 2 × 2) nm3
damping parameter α = 0.30
degree of non-adiabaticity β = 0.35
spin polarization of the current P = 0.7
electric current density je = 5.0 × 1012 A/m2
as Frogs Method, which “hunts” the skyrmion by fitting the pa-
rameters of the equations (7) and (8). In this work, all trajecto-
ries have been obtained with 100 walkers and 100 convergence
steps. The reference [57] provides more details about the algo-
rithm used to track the skyrmion position.
3. Results and Discussion
In order to quantify the suppression of the skyrmion Hall ef-
fect, we have measured the value of the variable Y∗S , which rep-
resents the average distance perpendicular to the longest axis of
the nanotrack in which the skyrmion is transported inside the
magnetically modified region. In the majority of simulations,
we have observed
Y∗S ≈ YS (XS = 400 nm) (14)
As smaller value of Y∗S is, better is the suppression of the
skyrmion Hall effect. In the reference nanotrack (without any
magnetic strip), we measure the value of Y∗S = 31.1 nm. Thus,
the skyrmion Hall effect is completely suppressed as Y∗S → 0.
From our previous work [47], we know that there are various
sources of magnetic defects [58], which can generate traps for
ferromagnetic skyrmions, and multiple mechanisms can con-
tribute simultaneously. In a scattering trap, the skyrmion moves
away from the magnetic defect. This implies the existence of
a repulsive interaction between the skyrmion and the magnetic
defect, that is, a potential barrier. The notable repulsive effects
can be achieved by three different ways: (i) Type A magnetic
defects characterized by a local increase in the exchange stiff-
ness constant A′′ > A, (ii) Type D magnetic defects character-
ized by a local reduction in the Dzyaloshinskii-Moriya constant
D′′ < D and (iii) Type K magnetic defects characterized by a
local increase in the perpendicular anisotropy constant K′′ > K.
On the other hand, in a pinning trap the skyrmion moves to-
wards the magnetic defect. This implies the existence of an
attractive interaction between the skyrmion and the magnetic
defect, that is, a potential well. The notable attractive effects
can be achieved by three different ways: (i) Type A magnetic
defects characterized by a local reduction in the exchange stiff-
ness constant A′′ < A, (ii) Type D magnetic defects character-
ized by a local increase in the Dzyaloshinskii-Moriya constant
D′′ > D and (iii) Type K magnetic defects characterized by a lo-
cal reduction in the perpendicular anisotropy constant K′′ < K.
In Table (2) we summarize the relevant informations needed
to design nanotracks with their magnetic properties strategi-
cally modified.
Table 2: Six ways to suppress the skyrmion Hall effect by the usage of nan-
otracks with repulsive edges and nanotracks with an attractive strip, when tun-
ing either a local increase (X′′ > X) or a local reduction (X′′ < X), where X
can be A, D, or K.
Attractive Strip Repulsive Strip
A′′ < A A′′ > A
D′′ > D D′′ < D
K′′ < K K′′ > K
4
3.1. Nanotracks with repulsive edges
In this section, we investigate the suppression of the
skyrmion Hall effect in nanotracks with repulsive edges, see
Fig. 1(b). The effect of the repulsive edge on the skyrmion
trajectory is shown in Figs. 2(a),3(a) and 4(a).
As a reference, we plot the skyrmion trajectory in the corre-
sponding nanotrack without repulsive edges. From these fig-
ures, one can see that the strength of the repulsive potential
becomes stronger as the edge width W increases. In order to
systematically investigate the suppression of the skyrmion Hall
effect, we measure the value of Y∗S that represents the average
distance perpendicular to the longest axis of the nanotrack in
which the skyrmion is transported inside the region with repul-
sive edges. Figures 2(b),3(b) and 4(b) show the value of Y∗S as a
function of the spatial variation of the magnetic property. Such 30
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Figura 1.13 – A edgesFigure 2: (Color online). Spatial variations in the exchange stiffness constant:
Type A magnetic defects along the repulsive edge of width W. Figure (a) shows
the skyrmion trajectory in nanotracks with different widths of the repulsive
edges, presenting a local increase of 25% in A. Figure (b) shows simulation
results for Y∗S , the variable that quantifies the suppression of the skyrmion Hall
effect.
behavior is shown for different widths of the repulsive edges.
When analyzing these results, we observed that the skyrmion
Hall effect can be suppressed by adjusting the spatial variation
of the magnetic property and the repulsive edge width simulta-
neously.A few remarks are in order. At lower values of the lo-
cal reduction of the strength Dzyaloshinskii-Moriya interaction
D′′/D→ 1, the repulsive force is weak, the skyrmion can over-
come the potential barrier and stay inside the repulsive edge.
On the other hand, at higher values of the local reduction of the
strength Dzyaloshinskii-Moriya interaction D′′/D → 0, the re-
pulsive force is too strong, so that the skyrmion vanishes when
it enters a narrow region; it disappear collapsing to the ferro-
magnetic state. That is the reason why there are missing points
in Fig. 3(b). One can see that the width of repulsive edges is
a crucial parameter to transport the skyrmions inside the center
region of the nanotrack.
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Figura 1.14 – D edgesFigure 3: (Color online). Spatial variations in the constant of the
Dzyaloshinskii-Moriya interaction: Type D magnetic defects along the repul-
sive edge of width W. Figure (a) shows the skyrmion trajectory in nanotracks
with different widths of the repulsive edges, presenting a local reduction of 25%
in D. Figure (b) shows simulation results for Y∗S , the variable that quantifies the
suppression of the skyrmion Hall effect.
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Figura 1.15 – K edgesFigure 4: (Color online). Spatial variations in the perpendicular magnetic
anisotropy: Type K magnetic defects along the repulsive edge of width W.
Figure (a) shows the skyrmion trajectory in nanotracks with different widths
of the repulsive edges, presenting a local increase of 25% in K. Figure (b)
shows simulation results for Y∗S , the variable that quantifies the suppression of
the skyrmion Hall effect.
In order to provide a background for experimental studies on
the the suppression of the skyrmion Hall effect, we elaborate
event diagrams for the results of the micromagnetic simula-
tions. In these diagrams, we have assumed that the skyrmion
Hall effect is accurately suppressed as the skyrmion moves
around the longest axis of the nanotrack with a tolerance in-
terval of Y∗S ≤ RS. As previously mentioned, the initial radius of
the skyrmion is RS = 8.3 nm in our simulations. From the dia-
grams of the Fig. 5, one can observe that the skyrmion Hall
effect is suppressed in nanotracks with repulsive edges only
for wider edges (blue stars). In the Figs. 5(a), 5(b) and 5(c)
the magnitude of the repulsive force with respect to the spatial
variation of the magnetic property increases from the left to the
right. As the repulsive force is very strong and the skyrmion
is forced to cross a very narrow region, it suffers a drastic re-
duction in its radius and disappears (red diamonds). Once this
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Figura 1.19 – K centerFigure 5: (Color online). Diagram for the suppression of the skyrmion Hall
effect when using a nanotrack with repulsive edges. Blue stars describe simula-
tion results in which the suppression of the skyrmion Hall effect was observed.
Black circles represent the skyrmion transport with Hall effect. For red dia-
monds the skyrmion disappears, collapsing to the ferromagnetic state.
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(a)  t = 0.00 ns
(b)  t = 0.31 ns
(c)  t = 0.96 ns
(d)  t = 1.53 ns
(e)  t = 2.41 ns
Figure 6: (Color online). Suppression of the skyrmion Hall effect. Successive
snapshots show the skyrmion being transported inside the center region of the
nanotrack with repulsive edges. This micromagnetic simulation has been per-
formed using D ′′/D = 0.50 and W = 36 nm. In this nanotrack magnetically
modified, we measure the value of Y∗S = 5.6 nm.
mechanism works as a sink for skyrmions, it can be useful to
delete information in spintronic devices. As expected, if the
repulsive force were very weak, the skyrmion transport occurs
with considerable Hall effect (black circles), that is, Y∗S > RS.
An example in which the skyrmion Hall effect was suppressed
due to the suitable combination of the parameters of repulsive
edges is shown in Fig. 6.
3.2. Nanotracks with an attractive strip
In this section, we investigate the suppression of the
skyrmion Hall effect in nanotracks with an attractive strip, see
Fig. 1(c). The effect of the attractive strip on the skyrmion tra-
jectory is shown in Figs. 7(a),8(a) and 9(a). As a reference,
we plot the skyrmion trajectory in the corresponding nanotrack
without the attractive strip. Considering our previous results,
see Figs. 2(a),3(a) and 4(a), one can see that nanotracks with an
attractive longitudinal strip are more effective than nanotracks
with repulsive edges to suppress the skyrmion Hall effect. It
can be inferred from the rapid decay of the value of Y∗S , the
variable that quantifies the suppression of the skyrmion Hall ef-
fect; see Figs. 7(b),8(b) and 9(b). When analyzing these results,
we observed that the skyrmion Hall effect can be suppressed by
adjusting the spatial variation of the magnetic property and the
attractive strip width simultaneously.
Fig. 10 shows that the suppression of the skyrmion Hall ef-
fect occurs in a wide range of the attractive strip parameters
(blue stars). It is important to mention that in the Figs. 10(a),
10(b) and 10(c) the magnitude of the attractive force with re-
spect to the spatial variation of the magnetic property increases
from the left to the right. When the pinning strength is too
weak, the skyrmion Hall effect can not be suppressed (black
circles); an expected result. On the other hand, when the is
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Figura 1.16 – A centerFigure 7: (Color online). Spatial variations in the exchange stiffness constant:
Type A magnetic defects along the attractive strip of width W. Figure (a) shows
the skyrmion trajectory in nanotracks with different widths of the attractive
strip, presenting a local reduction of 25% in A. Figure (b) shows simulation
results for Y∗S , the variable that quantifies the suppression of the skyrmion Hall
effect.
pinning strength is strong the skyrmion diameter enlarges con-
siderably, and a flatten particle can be transported inside the
attractive strip. Green up triangle represent simulation results
in which the movement of a deformed skyrmion was observed.
If the pinning strength is too strong, the deformed skyrmion be-
comes a worm domain inside the attractive longitudinal strip
(red down triangle). An example in which the skyrmion Hall
effect was suppressed due to the suitable combination of the
parameters of the attractive strip is shown in Fig. 11.
7
34
Y
S
 (
n
m
)
0
5
10
15
20
25
30
35
0
5
10
15
20
25
30
35
XS (nm)
−400 −200 0 200 400
−400 −200 0 200 400
No attractive strip
D''=1.25 D; W=36 nm
D''=1.25 D; W=24 nm
D''=1.25 D; W=12 nm
(a)
Y
S
*
 (
n
m
)
0
5
10
15
20
25
30
0
5
10
15
20
25
30
D'' / D
1.0 1.1 1.2 1.3 1.4 1.5 1.6
1.0 1.1 1.2 1.3 1.4 1.5 1.6
40
36
32
28
24
20
16
12
W (nm)
(b)
Figura 1.17 – D centerFigure 8: (Color online). Spatial variations in the constant of the
Dzyaloshinskii-Moriya interaction: Type D magnetic defects along the attrac-
tive strip of width W. Figure (a) shows the skyrmion trajectory in nanotracks
with different widths of the attractive strip, presenting a local increase of 25%
in D. Figure (b) shows simulation results for Y∗S , the variable that quantifies the
suppression of the skyrmion Hall effect.
The results presented here are trustworthy, because our mi-
cromagnetic code reproduces and extends the predictions of
other groups. In particular, the edge repulsion that origi-
nates from a local increase in the perpendicular anisotropy [39]
or from a local reduction of the Dzyaloshinskii-Moriya con-
stant [42]. Furthermore, we provide other means of confining
the skyrmion along the center region of the nanotrack, that is,
the suppresion of the skyrmion Hall effect via spatial modifica-
tion of the exchange stiffness constant. Besides the edge repul-
sion, experimental studies can explore the usage of nanotracks
with an attractive strip [38], being that a route is presented in
the Fig. 10. Very sharp variations on the material parameters
can not be easy to get and to control experimentally. However,
we present many ways of suppressing the skyrmion Hall effect.
Although the results presented here are for a very simple dis-
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Figura 1.18 – K centerFigure 9: (Color online). Spatial variations in the perpendicular magnetic
anisotropy: Type K magnetic defects along the attractive strip of width W.
Figure (a) shows the skyrmion trajectory in nanotracks with different widths
of the attractive strip, presenting a local reduction of 25% in K. Figure (b)
shows simulation results for Y∗S , the variable that quantifies the suppression of
the skyrmion Hall effect.
tribution of magnetic defects into a ferromagnetic nanotrack,
we believe their consequences can be planned and extended to
future experimental works.
From the graphs of the skyrmion trajectory, one can see that
there is a noise mainly on the transverse coordinate (YS). Once
this noise scales with the size of the micromagnetic mesh (2
nm), we believe it is linked to the resolution of the algorithm
that was used to track the skyrmion position. Among the al-
gorithms that we have tested [57], we found out the algorithm
known as Frogs Method was the most accurate. For this reason,
it was used to quantify the suppression of the skyrmion Hall
effect in this work.
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Figura 1.19 – K centerFigure 10: (Color online). Diagram for the suppression of the skyrmion Hall
effect when using a nanotrack with an attractive longitudinal strip. Black circles
represent simulation results in which the skyrmion transport with Hall effect
was observed. Blue stars describe the suppression of the skyrmion Hall effect.
Green up triangle represent the movement of a deformed skyrmion. Red down
triangle, the skyrmion disappears, collapsing to a worm-like magnetic domain.
  
(a)  t = 0.00 ns
(b)  t = 0.31 ns
(c)  t = 0.96 ns
(d)  t = 1.53 ns
(e)  t = 2.41 ns
Figure 11: (Color online). Suppression of the skyrmion Hall effect. Successive
snapshots show the skyrmion being transported inside the center region of the
nanotrack with an attractive strip. This micromagnetic simulation has been
performed using D ′′/D = 1.50 and W = 12 nm. In this nanotrack magnetically
modified, we measure the value of Y∗S = 1.6 nm.
4. Conclusion
In summary, the skyrmion Hall effect can be an issue for
spintronic devices based on the skyrmion transport in a ferro-
magnetic nanotrack. Nowadays, the focus of research has been
on skyrmions in antiferromagnetic media, because there is no
skyrmion Hall effect. Due to the scarcity of antiferromagnetic
materials in comparison with ferromagnetic materials [45], and
once ferromagnetic skyrmions have already been stabilized at
room temperature [10, 11, 12, 13, 14, 15, 16], we decide to
investigate the possibility of suppressing the skyrmion Hall ef-
fect. In this work, we present 6 ways to avoid the skyrmion
accumulation at the nanowire edges or even the loss of infor-
mation in the case in which the skyrmions are expelled from
the nanowire. Our predictions to suppress the skyrmion Hall
effect are summarized in the Figures 5 and 10. In a previous
work [47], our team showed that spatial variations on the mate-
rial parameters of the ferromagnetic nanotrack (exchange stiff-
ness, saturation magnetization, magnetocrystalline anisotropy
and Dzyaloshinskii-Moriya constants) can work as traps for
pinning and scattering magnetic skyrmions. In that work, we
showed that the skyrmion was attracted to a trap character-
ized by a local increase in the Dzyaloshinskii-Moriya constant
(D′′ > D), whereas the skyrmion was repelled from a trap
characterized by a local reduction in the Dzyaloshinskii-Moriya
constant (D′′ < D). Here, we have investigated the sup-
pression of the skyrmion Hall effect in nanotracks with their
magnetic properties strategically modified along the longitudi-
nal strips. In particular, we study two categories of nanotracks
modified magnetically. One of them, repulsive edges have been
inserted in the nanotrack and, in the other, an attractive strip
has been placed exactly on the longest axis of the nanotrack.
The skyrmion motion driven by a spin-polarized current has
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been studied through micromagnetic simulations. Our results
indicate that the skyrmion motion can be along the center re-
gion of the nanotrack, provided their magnetic properties be
strategically modified. Results here presented provide a back-
ground for experimental studies. We hope this study encour-
ages experimental works to investigate the suppression of the
skyrmion Hall effect in nanotracks modified strategically via
engineering of magnetic properties. Although we have not con-
sidered Type MS magnetic defects (those characterized only by
spatial variations in the saturation magnetization) in this pa-
per, experimental works can investigate the suppression of the
skyrmion Hall effect by the usage of nanotracks with repul-
sive edges (M′′S < MS) and/or nanotracks with an attractive
strip (M′′S > MS). Such predictions stem from our previous
work [47]. Regardless of those results which took into account
the effect of the full dipolar coupling, these predictions can
be also derived from the equation (12); the effective uniaxial
anisotropy. As the MS parameter is linked to the dipolar cou-
pling (the weakest magnetic interaction), we believe that sharp
spatial variations in MS are needed. Thus, the attractive or re-
pulsive interactions become significant and the dynamics of the
ferromagnetic skyrmion can be manipulated. While this paper
was being reviewed, we found that other groups have recently
proposed alternative means of suppressing the skyrmion Hall
effect. For example, Ref. [59] reports the suppression of the
skyrmion Hall effect by tuning the parameters of torque exerted
on the magnetization by a spin current, which is generated by
spin-Hall effect [33]. Another possibility that has been explored
is the usage of ferromagnetic bilayer coupled antiferromagnet-
ically [60]. The skyrmion Hall effect can be also suppressed
with vortex capping and the aid of RKKY coupling [61]. In a
future work, we intend to contribute to the development of the
Antiferromagnetic Spintronics.
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